Abstract: Low-coherence interferometry (LCI) has proved to be a useful tool in optical measurement and detection. However, the noise that is present in practical applications makes interference term retrieval (ITR) difficult. In this paper, we propose a novel technique based on ensemble empirical mode decomposition and empirical mode decomposition (EEMD-EMD) to achieve automatic ITR from the spectral domain LCI. In EEMD, the correlation coefficient of each intrinsic mode function (IMF) is calculated, and a characteristic parameter (CP) is introduced to recognize and remove the IMFs of noisy components. The remaining IMFs are used to reconstruct a new signal followed by EMD to extract the interference term. An experiment based on distributed polarization coupling detection in polarization-maintaining fibers (PMFs) was conducted; the PMFs having different lengths and coupling intensities were investigated. It was shown that by setting an appropriate CP, the interference term could be automatically extracted. The relative errors of the extracted coupling intensity were less than 2%. This suggests that our method may have potential applications in interferometric measurement.
Introduction
Low-coherence interferometry (LCI) has become an attractive and useful method for characterizing optical components [1] - [6] . The typical application fields of LCI are optical measurement, optical sensing, and imaging, e.g., optical coherence tomography (OCT) [7] - [10] . LCI schemes in the spectral domain that can replace mirror mechanical scanning [11] - [15] have recently been developed. The interference term generated from LCI usually contains useful information. However, due to the effect of noise, interference term retrieval (ITR) is challenging.
A conventional approach to ITR from interferometry uses Fourier transform [16] - [18] to map the spectral domain interferogram to the temporal pulse, with the peak of the pulse corresponding to the interference term then being artificially extracted by setting the appropriate filter window. After extraction, a fast Fourier transform (FFT) operation back in the spectral domain allows the interference term to be recovered. An obvious disadvantage of this technique is that the filter must be precisely set to exclude the noise.
Empirical mode decomposition (EMD) is usually applied to nonlinear and nonstationary signals that can be adaptively decomposed into several intrinsic mode functions (IMFs) in a decreasing frequency order. EMD is effective in suppressing continuous noise, such as Gaussian noise [19] and noise caused by mechanical vibration [20] . However, the noise found in the spectral domain interferogram tends to contain intermittent noise so that EMD creates a mode-mixing problem, wherein local oscillations with different frequencies or scales are mixed in one IMF. The IMF then has no physical meaning. Ensemble empirical mode decomposition (EEMD) has been introduced as a way to solve the mode-mixing problem [21] .
In the EEMD algorithm, a collection of white noise is added to the original signal and decomposed into several IMFs. The ensemble mean of the corresponding IMFs is treated as the correct result. EEMD separates the noise in the different IMFs from the components of the original signal [22] , eliminating the mode-mixing.
In this research, we proposed a novel ITR technique based on EEMD and EMD defined as EEMD-EMD. In this approach, EEMD is first used to remove the intermittent noise in the signal; then, EMD is used to process the denoised and reconstructed signal, achieving ITR. Experiments were conducted to verify the feasibility and effective range of our proposed method.
Theoretical Background: ITR Based on EEMD-EMD
A schematic of the spectral domain LCI is shown in Fig. 1 . The light emitted from a broadband light source is separated by the beam splitter. Due to the limited coherence length of the light source, interference fringes only occur when the optical path differences (OPD) of the two arms are matched. The receiver accepts the interferogram.
The intensity of an LCI signal with noise can be expressed as
where ! is the optical angular frequency, I 0 ð!Þ is the intensity of the light source, 'ð!Þ is the relative phase between the two coherent beams, and nð!Þ is the noise. Using the EEMD algorithm, the original signal added to the white noise into can be decomposed as follows:
where f i ð!Þ is the final IMF from EEMD. Since a noisy signal is normally characterized by its high frequency, P k i¼1 f i ð!Þ represents the ensemble result of the noisy signal, P N i¼k þ1 f i ð!Þ is the desired component of Ið!Þ, and r N ð!Þ is the averaged residual signal. We developed a new strategy for identifying the value of k to allow the noisy signal to be automatically recognized and the corresponding IMFs removed. The physical meaning of IMF suggests that each decomposition layer has a different degree of similarity with the original signal, which can be measured by the correlation coefficient (CC), as follows:
where f i ð!Þ Ið!Þ is the cross-correlation function, and ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi Dðf i ð!ÞÞ p and ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi DðIð!ÞÞ p are the standard deviations of IMF and Ið!Þ, respectively. The correlation coefficient of each IMF is then calculated. Theoretically, the IMF of a noisy signal should have a much smaller CC value. A software program was designed to allow the characteristic parameter (CP) to be used to recognize a noisy signal. IMFs were removed if their CC values were smaller than this CP, and the remaining IMFs make up the new signal I 2 ð!Þ
Using the EMD method, the reconstructed signal can then be adaptively decomposed into several IMFs
where j ð!Þ is the IMF through EMD, and r M ð!Þ is the averaged residual signal. Note that 1 ð!Þ should be the interference term, which contains the highest frequency in the signal. Therefore, the main procedures of the strategy are as follows: 1) Add a white noise series to the original signal, where the amplitudes of the white noise are a fraction original signal's standard deviation. If the original signal contains significant noise, the amplitudes of the white noise will be larger. 2) Calculate the CC value of each IMF. 3) Identify the CP value. There is usually an abrupt change in the CC value between the noisy and desired signal. 4) Conduct ITR through EMD. If the extracted 1 ð!Þ does not have a cosine waveform pattern, then the program jumps forward to find the proper value of CP until the interference term is successfully extracted (see Fig. 2 ).
Experimental Setup and Results
The experimental setup used to obtain the interferogram is presented in Fig. 3 . The light source was a superluminescent diode (SLD) with an output spectrum centered at 1319 nm and a 3-dB Gaussian line width of 36 nm. The broadband light emitted by the SLD was changed into a polarized light beam by the inline polarizer. A proper flange was used to connect the inline polarizer with the polarization-maintaining fiber (PMF). Due to polarized angular misalignment at the connection, a coupling phenomenon occurs wherein the coupling intensity parameter is expressed as h ¼ 10logðI ef =I main Þ 2 , where I ef and I main represent the amplitudes of the interference term component and that of the direct current component, respectively. A rotatable half wave plate was placed between the collimating lens and analyzer. The rotation angle was optimized to increase fringe visibility. Using a movable mirror, the distance between the two arms was adjusted to compensate for the OPD generated in PMF. Note that OPD compensation is not necessary when the PMF under test has a length of less than 1 m. A single mode fiber was used to project the spatial light into the fiber, allowing the interferogram to be recorded by an optical spectrum analyzer (YOKOGAWA AQ6370C). The program for ITR from the interferogram is running in Matlab 2011b with an Intel(R) Core(TM) i3 CPU M 380 @ 2.53 GHz. Fig. 4 shows the experimental results using the EEMD-EMD-based method. Fig. 4 (a) shows the measured interferogram, which had a coupling intensity parameter h of −31.47 dB and a signal-to-noise ratio (SNR) of 10.86 dB. Fig. 4(b) shows the decomposed IMFs through Fig. 4(d) . For the EEMD algorithm, an ensemble member of 100 was used and the standard deviation of the added white noise was approximately one quarter that of the original signal. The decomposition results are presented in Fig. 5(a) . The correlation coefficients of all the IMFs are listed in Table 1 , where the value of CP is shown to be 0.04. The first four IMFs, for which the CC value was less than 0.04, were excluded as noisy signals. The remaining IMFs were used to reconstruct the new signal. Fig. 5(b) shows the EMD for the original signal. The mode-mixing phenomenon can be observed from the fourth IMF in Fig. 5(b) .
Using the same method, we conducted further experiments with different values of parameter h and SNR for a 1 m PMF. The CC distribution and the selected value of the CP for the strategy in the EEMD algorithm are shown in Table 1 .
As can be seen from Table 1 , when the coupling intensity parameter h was −25.81 dB or −26.46 dB, the value of CP was 0.050, and when h was −31.47 dB, the value of CP was 0.040. SNR0 and SNR1 represent the SNR of the original signal and the reconstructed signal, respectively. The SNR of the interferogram was significantly improved.
An FFT operation was used for the comparative study shown in Fig. 6 . Fig. 6(a) shows the measured spectral interferogram, and Fig. 6(b) shows the corresponding Fourier transform. The bilateral peaks centered at ±1.6 ps in Fig. 6(b) are complete interference terms, and the noise is clearly distributed near the peaks. The scope of the right peak for the interference term was from 1.25 ps to 2.0 ps. A suitable filter should cover this scope; thus, the width of the filter can be equal to or greater than the scope.
In practice, the artificial option of the filter's width may result in fluctuations when using the FFT operation for ITR. The ITR errors are shown in Fig. 6(c) , and the corresponding phase retrieval errors are given in Fig. 6(d) . The two figures show four different curves, representing the EEMD-EMD-based method and FFT operation with filter widths of 0.6, 2, and 3 ps. The black curve almost overlaps with the red one, which covers the peak without noise. As the width of the filter increases, the deviation becomes greater in terms of both intensity and phase amplitude because near the peak, more noise is inevitably introduced into the filter.
These experimental findings demonstrate that the EEMD-EMD-based method is more precise than the FFT algorithms in the ITR. The advantage of this method over Fourier transform is its ability to achieve the interference term without requiring artificial filtering, hence eliminating the need for manually selecting the filter window, which can potentially introduce errors.
Further experiments were performed at PMFs of 110 m and 750 m. The coupling intensity amplitude results of the retrieved interference term are listed in Table 2.   TABLE 1 Correlation coefficient of all IMFs for PMF of 1 m under test TABLE 2 Experimental results of coupling intensity with different lengths of PMF conditions with lower coupling intensities such as −35 dB and −40 dB were simulated and proved to be feasible as well. However, when h was weaker and immersed in the noise, the approach became less effective because the CC value distribution became irregular, making it difficult to find an appropriate CP value that could distinguish the noisy signal from the target signal. It is worth noting that the value of CP became bigger as h became higher (for example CP was 0.1 when h was −15.01 dB with a PMF of 110 m, as shown in Table 2 ); this is because when parameter h is higher, the interference term is likely to have a greater CC and CP can be set bigger to remove the noisy signal. In most cases, when processing the original signal, the CP can be determined based on practical experience because an abrupt change in the CC value can usually be observed between the noisy and target signal.
It can be seen from Fig. 6 (c) and (d) that the result of interference term retrieval using EEMD-EMD-based method is stable, whereas the result of interference term retrieval using FFT method is dependent on the width of filters. In other words, if the filter's width is set big to contain noise, the deviation will be great, and if the filter's width is set too small, then the interference term will not be completely retrieved. By contrast, the EEMD-EMD-based method avoids artificial filtering and thus improves the accuracy of interference term retrieval.
The EEMD algorithm is an effective way of processing signals with intermittent noise. Therefore, the proposed method is effective for an original signal with intermittent noise. The total processing time was 30 s for retrieval of both the interference term and its phase.
Conclusion
We proposed a novel EEMD-EMD-based method for ITR from spectral domain LCI. Our experimental results showed that when a proper CP value was set, the interference terms were automatically retrieved. An FFT operation was performed as a comparison. The results demonstrated that the proposed method has definite advantages in terms of automaticity and accuracy over the Fourier transform, which is sensitive to the width of the filter window. The proposed method also allowed automatic acquisition of the denoised signal, which is obtained without the mode-mixing required by the EMD. The relative error of the extracted coupling intensity in the experimental results was less than 2%, and it was the result of multiple measurements. It demonstrates that the proposed method is feasible and effective for dealing with the signal with intermittent noise. The method has potential to be used in interferometric measurement containing the intermittent noise.
